Nɛ-lysine acetylation is one of the most abundant post-translational modifications in eukaryote and prokaryote. Protein acetylome of Escherichia coli has been screened using mass spectrometry (MS) technology, and many acetylated proteins have been identified, including the pyridoxine 5′-phosphate oxidase (EcPNPOx), but the biological roles played by lysine acetylation in EcPNPOx still remain unknown. In this study, EcPNPOx was firstly overexpressed and purified, and two acetylated lysine residues were identified by the subsequent liquid chromatography-tandem mass spectrometry analysis. Site-directed mutagenesis analysis demonstrated that acetylated lysine residues play important roles in the enzymatic activity and enzymatic properties of the protein. EcPNPOx could be non-enzymatically acetylated by acetyl-phosphate and deacetylated by CobB in vitro. Furthermore, enzymatic activities of acetylated and deacetylated EcPNPOx were compared in vitro, and results showed that acetylation led to a decrease of its enzymatic activity, which could be rescued by CobB deacetylation. Taken together, our data suggest that CobB modulates the enzymatic activity of EcPNPOx in vitro.
Introduction
Nɛ-lysine acetylation is one kind of post-translational modification affecting protein structure, function, and stability, which involves diverse pathways in eukaryote and prokaryote [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . In bacteria, the ɛ-amino group of lysine residue can be acetylated by either lysine acetyltransferases (YfiQ/Pat) or the non-enzymatic mechanism depending on the activities of acetyl-phosphate (AcP) or acetyl-coenzyme A (AcCoA) [12, 14, 15] . Although a new non-sirtuin deacetylase YcgC has recently been identified in Escherichia coli [16] , the best characterized bacterial protein deacetylase is CobB which catalyzes NAD + -dependent deacetylation and shows no preference for enzymatic or non-enzymatic lysine acetylation substrate sites [17, 18] . Pyridoxine 5′-phosphate oxidase (PNPOx, EC 1.4.3.5) is a rather conserved protein widely exists from prokaryotes to eukaryotes, which catalyzes the flavin mononucleotide (FMN)-dependent oxidation of the 4′-hydroxyl group of pyridoxine 5′-phosphate (PNP) or the 4′-amino group of pyridoxamine 5′-phosphate (PMP) into the aldehyde group of pyridoxal 5′-phosphate (PLP) [19] [20] [21] . These reactions are the final steps in the de novo biosynthesis of PLP in bacteria and plants, and also part of the salvage pathway found in all organisms [22, 23] . PLP is the catalytically active form of vitamin B6, and acts as a cofactor in >140 different enzyme reactions mostly involved in amino acid metabolism [24] . PNPOx in E. coli (EcPNPOx) is a relatively abundant sluggish enzyme encoded by pdxH, and its crystal structure has been resolved. EcPNPOx is a 2-fold-related dimer, with two FMN binding sites. Each monomer has two types of binding sites for PLP molecules, including the active site and the non-active site [25] [26] [27] [28] [29] [30] [31] .
So far, PNPOx has been well characterized, including its physiological function, catalytic mechanism, and crystal structure [19, 22, [24] [25] [26] [27] [28] [29] [30] 32] . Recently, data of protein acetylome analysis showed that EcPNPOx undergoes acetylation in vivo [5, 7] , but effects of acetylation on this enzyme still remain unclear.
In this study, EcPNPOx was overexpressed, purified, and characterized. Subsequently, acetylated lysine residues of the protein were identified by liquid chromatography-tandem mass spectrometry (LC -MS/MS). Site-directed mutagenesis experiments were performed to test the effect of acetylated lysine residues on EcPNPOx enzymatic activity. Then acetylation and deaceylation assays were performed for EcPNPOx in vitro. After that, the effect of acetylation on EcPNPOx enzymatic activity was tested in vitro. The results showed that acetylation led to a decrease of its enzymatic activity, which could be rescued by CobB deacetylation.
Material and Methods
Cloning of E. coli pdxH gene and site-directed mutagenesis DNA fragment of pdxH (657 bp) was amplified from E. coli W3110 genomic DNA using Phusion TM DNA polymerase (Thermo Fisher, Waltham, USA), then double digested with NdeI and BamHI (Thermo Fisher), followed by ligating into plasmid pET28a. Sitedirected mutations were constructed by overlapping PCR. All recombinant plasmids were transformed into E. coli BL21(DE3) cells for protein expression. All sequences of primers used were listed in Supplementary Table S1 .
Expression and purification of recombinant proteins
Recombinant strains E. coli BL21(DE3)/pET28a-pdxH, site-directed mutants and E. coli BL21(DE3)/pET32a-cobB [11] were grown to exponential phase at 37°C in Luria-Bertani broth medium supplied with corresponding antibiotics. IPTG was added to a final concentration of 0.1 mM, and cultures were incubated overnight at 16°C with shaking. Bacterial cells were centrifuged at 3000 g for 5 min. Cell pellets were suspended in binding buffer (50 mM Tris-HCl, 500 mM NaCl, 20 mM imidazole, pH 7.9) and disrupted by sonication. Then cell lysate was centrifuged at 10,000 g for 30 min and the protein was purified from the supernatant by nickel affinity chromatography. Purified recombinant proteins were dialyzed against 50 mM potassium phosphate buffer (pH 8.0) containing 400 mM KCl, and stored in dialysis fluid containing 10% glycerol. The protein concentration was determined by Bradford assay with BSA as a standard.
Mass spectrometry analysis
Purified recombinant EcPNPOx was resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and stained by Coomassie bright blue R250. Protein bands were cut from the middle of the lanes, and the gel pieces were digested by trypsin. Then the sample was analyzed with a Finnigan Survey or HPLC system coupled online with a LTQ-Orbitrap mass spectrometer as described [33] . Peptides were loaded onto a C18 column (100 mM i.d., 10 cm long, 5 mM resin; Michrom Bioresources, Auburn, USA) using an autosampler and eluted with a 0-35% gradient (Buffer A, 0.1% formic acid and 5% ACN; Buffer B, 0.1% formic acid and 95% ACN) over 122 min. The data were detected online on an LTQ-Orbitrap mass spectrometer using a data-dependent TOP10 method. All data were analyzed by BioWorks 3.3.1 (Thermo Finnigan, San Jose, USA) and obtained peak lists were analyzed by MASCOT search engine (Matrix Science, London, UK) against the AC_000091.fasta database (ftp://ftp.ncbi.nih.gov/genomes/Bacteria/ Escherichia_coli_K_12_substr_W3110/). The following search criteria were employed: full tryptic specificity was required; six missed cleavages were allowed; Carbamidomethylation was set as a fixed modification, whereas Oxidation (M) and Acetyl (K) were considered as variable modifications. Initial mass deviation of the precursor ion and fragment ions was allowed up to 10 ppm and 0.6 Da, respectively. The top protein in the identification results was considered to be the target protein.
In vitro enzymatic assays
Pyridoxamine 5′-PNPOx activity of EcPNPOx was measured as previously described with modification [34] . The assay mixture contained 50 mM Tris-HCl (pH 8.0), 20 μM FMN, and 5 μg purified PNPOx. After 2 min of incubation at 37°C to facilitate the binding of FMN with EcPNPOx, the reaction was started by the addition of 2 mM PMP to the mixture. The product PLP and Tris can form aldimine, and the apparent molar absorptivity of the term adduct is 5.9 mM −1 cm −1 at 414 nm. One unit of the EcPNPOx enzyme activity was defined as the formation of 1 nmol of product per minute. The K m and k cat were calculated by double reciprocal plot.
Determination of optimum pH, temperature, and thermal stability of EcPNPOx
The effects of pH and temperature on the oxidation of PMP by EcPNPOx were determined at pH 6.0-10.0 [50 mM Tris-HCl buffer (pH 6.0-10.0)] and temperature from 20°C to 65°C. The thermal stability was determined by incubating the EcPNPOx at different temperature from 50°C to 65°C for 30 min, and then residual activity was assayed at 37°C.
In vitro acetylation and deacetylation assays
To obtain acetylated EcPNPOx (Ac-EcPNPOx), purified EcPNPOx protein was incubated at 37°C for 6 h with AcP (10 mM) in the presence of 10 mM MgCl 2 , and 50 mM Tris-HCl (pH 7.5). Deacetylation of AcP-EcPNPOx by CobB was performed in 50 mM Tris-HCl buffer (pH 8.0), 100 mM NaCl, 1 mM MgCl 2 , 2.7 mM KCl in the presence or absence of 500 μM NAD + at 37°C for 4 h.
Western blot analysis
The acetylation level of EcPNPOx was analyzed by western blot analysis. Samples were separated by SDS/PAGE (12% acrylamide) and then transferred to a PVDF membrane. The membrane was blocked overnight at 4°C in TBST buffer (50 mM Tris-HCl, 150 mM NaCl, 0.05% Tween 20) containing 5% non-fat dry milk. The membrane was then incubated with pan-acetyllysine antibody (1:1000) (Cell Signaling Technology, Danvers, USA) dilutn TBST/ 0.5% non-fat dry milk at 37°C for 2 h. The membrane was washed three times with TBST buffer and then incubated for 1.5 h at 37°C with alkaline phosphatase-conjugated goat anti-rabbit antibody (1:2000; Cell Signaling Technology) diluted in TBST/0.5% non-fat dry milk, followed by three times wash. The signal was detected by using chromogenic substrates nitroblue tetrazolium-5-bromo-4-chloro-3′-indolylphosphate (NBT-BCIP) according to the manufacturer's instructions. Identical residues were highlighted in black, highly conserved residues were highlighted in gray. Lysine residues identified in this work were indicated by black star. 
Results and Discussion
Expression, purification, and characterization of EcPNPOx
Nickel affinity chromatography was used to purify soluble recombinant EcPNPOx. The protein was eluted with 200 mM imidazole and dialyzed against high ion concentration dialysis buffer, for the purified EcPNPOx tended to aggregate irreversibly at high protein concentration or in low ion concentration. Finally,~2-3 mg of recombinant EcPNPOx protein was obtained from 500 ml bacterial culture ( Supplementary Fig. S1 ).
In previous studies, K m of EcPNPOx for PMP was determined to be 105 μM, and k cat was determined to be 1.72 s −1 [25] , which are not consistent with our results (K m = 37 μM; k cat = 1.29 min
−1
). One explanation could be fusion of His-tag on the N-terminus of the recombinant EcPNPOx. It has been postulated that N-terminal amino acids of EcPNPOx can have a number of interactions with PLP/PNP [29, 30] , so the His-Tag on the N-terminus may disturb interactions between N-terminal amino acids and PMP/PLP. Fusion of His-tag on the C-terminus of EcPNPOx led to total loss of the enzyme activity, probably due to obstruction of dimer formation [27] .
Identification acetylated lysine residues of EcPNPOx in vivo
Previously, 2 of the 17 lysine residues of EcPNPOx (K72 and K212) were identified to be acetylated [5, 7] . In this study, purified recombinant EcPNPOx were prepared and analyzed by LC-MS/MS. The results showed that, acetylation of K212 was not detected as reported, while a novel acetylated lysine residue (K159) was identified (Fig. 1A,B) . In order to get more information of the biological function of lysine acetylation, protein sequences of PNPOx from different species [E. coli (BAA15399), S. cerevisiae (1CI0_A), M. tuberculosis (2AQ6_A), and H. sapiens (NP_060599)] were aligned (Fig. 2) . From the alignment, it was found that K72 is highly conserved whereas K159 and K212 are not, which indicates that K72 may play an important role in the enzymatic activity of the protein.
Roles of acetylated lysine residues in enzymatic activity of EcPNPOx
To investigate roles of acetylated lysine residues in EcPNPOx enzymatic properties, site-directed mutagenesis (K72A, K72Q, K72R, K72P, K159R, K159Q) were performed by replacing corresponding lysine residues with Arg or Gln to simulate constitutively unacetylated or acetylated lysine [35] , and alternatively with Ala or Pro to simulate mutations which had totally different space structures.
Enzymatic activities of all mutant proteins were determined as described in the methods section. The results showed that, mutation of Lys159 (K159R and K159Q) had no effect on the catalytic activity of EcPNPOx, which suggested that Lys159 is not involved in catalytic activity of the enzyme. As expected, K m of K72Q, K72P, and K72A mutants increased in different scales along with sharp decrease of the catalytic activity (k cat ). As for the K72R mutant, though the K m value of mutant K72R increased by 5 folds, but the k cat value barely changed when compared with the wildtype enzyme ( Table 1) . These results suggested that K72 plays an important role in the enzymatic activity of the protein, and acetylation of K72 may also play a role in the enzymatic activity of this protein.
Furthermore, the mutant proteins showed different responses to different pH and temperature. As shown in Fig. 3 , only K72R showed similar enzymatic activity to the wild-type EcPNPOx under different conditions, enzymatic activity of K72P, K72Q, K72A could barely be detected. The optimal pH of wild-type enzyme was determined to be 10, while that for the K72R mutant was 9.5. The optimal temperature (Fig. 3B) for the wild-type EcPNPOx and K72R were deternined to be 60°C and 45°C, respectively. These results suggested that, though replacement of lysine with arginine was assumed to be a good mimic of deacetylated lysine, it is not good enough. Thus, to determine the effects of lysine acetlytion, replacement of lysine by arginine and asparigine could only be used as a supporting tool.
As the key enzyme catalyzing the biosynthesis of vitamin B6, the crystal structure of EcPNPOx has been resolved in the presence of FMN or PLP [27, 28] . It shows that the conserved residues Y129, R133, S137, and K72 are stereoscopically close and interact with the PLP phosphate moiety, which helps PLP bind to FMN. Based on the structure of EcPNPOx, the active site structure of the wild-type and K72 mutants were modeled by PyMOL (Fig. 4) . The results showed that all of the K72 mutations led to changes of the space steric hindrance and disruption of the hydrogen bond. However, the enzyme kinetic parameters of K72R mutation were only slightly changed, probably due to the fact that Arg has a positively charged side chain structure similar to that of the Lys residue.
As for the K72Q, K72A, K72P mutations, the decrease of catalytic activities may be due to the fact that Pro and Ala are uncharged. Though Gln also has a side chain structure similar to that of the Lys residue, the different charged state may lead to decreased enzymatic activity. Therefore, we postulated that the charge property of K72 in EcPNPOx may be crucial for its enzyme activity.
Reversible lysine acetylation modulates the activity of EcPNPOx in vitro
It was found that the acetylation level of purified recombinant EcPNPOx was rather low. Therefore, non-enzymatic acetylation using AcP as acetyl donor was performed to enhance its acetylation level in vitro. The results showed that a remarkable increase of acetylation level could be achieved after the enzyme was incubated with 10 mM AcP for 6 h (Fig. 5A) . In addition, AcCoA was also used as acetyl donor, but no enhancement of acetylation level could be observed. For the in vitro deacetylation assay, Ac-EcPNPOx was incubated with purified recombinant CobB in the presence or absence of NAD + . As shown in Fig. 5B , CobB could deacetylate AcEcPNPOx efficiently in the presence of NAD + .
To further study the effects of lysine acetylation on the enzymatic activity of EcPNPOx, specific activities of Ac-EcPNPOx and EcPNPOx were measured. After acetylation, the catalytic activity of EcPNPOx was decreased dramatically (Fig. 5C) . Moreover, the Ac-EcPNPOx catalytic activity could be restored after being deacetylated by CobB (Fig. 5D) . Although the purified EcPNPOx was only slightly acetylated in vivo, its activity was also increased after deacetylation ( Supplementary Fig. S2 ). Thus, our data clearly showed that reversible acetylation modulates the enzymatic activity of EcPNPOx in vitro. As we now know, when acetyl group is transferred to the ε-amine group of lysine side chains, the positive charge from the ε-amino group is eliminated, the hydrogen bonds may be destroyed, and the hydrophobicity and the volume of the side chain can be altered, which may be the molecular mechanism of how the reversible lysine acetylation modulates the activity of EcPNPOx.
EcPNPOx is the key enzyme catalyzing the synthesis of PLP which is an important cofactor in metabolism. The relationship between PLP and human health has become a research hotspot because either deficiency or accumulation of PLP in vivo can lead to serious human diseases [36] [37] [38] [39] [40] . In E. coli, pdxH gene is essential for cell survival and growth. As mentioned above, our data show that reversible lysine acetylation modulates the enzymatic activity of EcPNPOx in vitro, which raises the possibility that reversible acetylation may also modulate the enzymatic activity of EcPNPOx in vivo, and thus affecting bacterial Vitamin B6 metabolism. Taken together, these results may broaden our understanding of the physiological roles of reversible lysine acetylation in bacteria. 
